Abstract Stevia rebaudiana is an important source of natural steviol glycosides and is of increasing interest in various fields of study. Therefore, understanding the molecular processes regulating its metabolism is of great importance. In this study, the stability of seven reference genes (18S ribosomal RNA, Actin, Aquaporin, Calmodulin, Eukaryote elongation factor 1-a, Malate dehydrogenase, and Ubiquitin) under the effect of three stress-related elicitors (methyl jasmonate, salicylic acid, and spermidine) was evaluated in stevia plants. We used RefFinder software, which makes use of the four main currently available algorithms for reference gene selection: geNorm, NormFinder, BestKeeper, and the Comparative DCt method. The results indicated that Ubiquitin and Actin can be used as reference genes under all tested experimental conditions. The genes, 18S ribosomal RNA, traditionally used as a reference gene, along with Calmodulin, showed the lowest stability. The expression of Deoxyxylulose-5-phosphate synthase and Kaurenoic acid hydroxylase genes was used to confirm the validated reference genes, showing that inadequacy of the reference gene may lead to erroneous results. This is the first study on the stability of reference genes in Stevia rebaudiana plants, and is of great relevance for further analysis of the gene expression of the steviol glycoside biosynthetic pathway.
Introduction
Stevia rebaudiana (Bert.), known as stevia, is a perennial herb of the family Asteraceae, and the extracts from its leaves have been used for decades to sweeten foods and beverages in North Korea, Japan, and China (Madan et al. 2010) . The primary components responsible for the sweetness of this plant are steviol glycosides (SGs), which according to Ceunen and Geuns (2013) , are a mixture of at least 34 different compounds including stevioside and rebaudioside A, the major components found in stevia leaves.
Stevia plants have received increasing attention in different fields of research, mainly due to a number of medicinal properties, e.g. antihyperglycemic (Jeppesen et al. 2002) , antihypertensive (Melis and Sainati 1991; Melis 1995) , antioxidant, and anticancer effects (Tadhani et al. 2007; Jayaraman et al. 2008; Kumar et al. 2012 ).
Parallel to this, stevia shows great potential as an agricultural crop for the production of a high-potency natural sweetener (Lemus-Mondaca et al. 2012) . In short, steviabased sweeteners are being intensively investigated and the search for new compounds is ongoing (Wölwer-Rieck et al. 2012) .
SG biosynthesis occurs mainly in the leaves (Brandle and Telmer 2007) and partially shares some pathway steps with gibberellic acid (GA) biosynthesis. Two enzymes seem to play a central role in this process. These include deoxyxylulose-5-phosphate synthase (DXS), the first enzyme of 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway, and kaurenoic acid hydroxylase (KAH), an important branch point of divergence of steviol biosynthesis from gibberellin biosynthesis, since KAH catalyses the hydroxylation of kaurenoic acid into steviol, which is a common precursor for SG biosynthesis (Brandle and Telmer 2007; Cordoba et al. 2009 ). Chen et al. (2014) identified over 100 genes involved in the biosynthetic pathway of SGs. In another approach, Singh et al. (2017) , through sequencing analysis, revealed potential targets for manipulating these paths.
Although the biosynthesis of SGs is well-elucidated, the expression of the genes involved in this pathway, as well as the physiological processes that define expression levels in stevia plants are little understood. Overall, there is scarce information regarding the regulation of the SG biosynthesis pathway as well as the transcription factors and master switches involved in this regulation (Lucho et al. 2018) . To assess changes in gene expression, reverse transcription followed by real-time quantitative polymerase chain reaction (RT-qPCR) is one of the most widely used techniques due to its high sensitivity, reproducibility, and specificity (Bustin et al. 2010; Derveaux et al. 2010; Yi et al. 2012) . The most commonly used approach to normalize data of gene expression by RT-qPCR is the use of one or more reference genes (Radoni et al. 2004; Hugget et al. 2005) .
Genes involved in basic cellular processes, primary metabolism, and cellular maintenance are commonly used as reference genes. Actin (ACT), Ubiquitin (UBQ), Glucose-6-phosphate dehydrogenase (GAPDH), ribosomal genes (18S and 28SrRNA), Cyclophilin (CYP), Eukaryotic elongation factor 1-a (eEF-1a), and Malate dehydrogenase (MAL) are a few of the most traditional reference genes used in gene expression studies (Kim et al. 2003; Reid et al. 2006; Lee et al. 2010; Mallona et al. 2010; Moraes et al. 2015; Rickes et al. 2016) . However, recent studies have indicated that the expression of these traditional reference genes is not stable, especially when tested in other species or under a wide range of experimental conditions (Radoni et al. 2004; Czechowski et al. 2005) . Seven candidate reference genes were selected and tested in this study: ACT, UBQ, and 18S have already been used in gene expression analysis with stevia plants (Hajihashemi et al. 2013; Modi et al. 2014; Hajihashemi and Geuns 2016) , MAL and eEF-1 (Reid et al. 2006; Moraes et al. 2015) are traditionally used in other species, while CALM and AQP are new reference genes.
In view of the wide range of possibilities regarding the use of stevia plants, in-depth studies at the molecular level are necessary, because there are no data in the literature regarding the transcriptional profile under the effect of elicitor agents. Elicitors may be chemical or biological agents, able to induce morphological or physiological alterations in the organism under study (Zhao et al. 2005) .
Elicitor-containing media have been indicated as stimulators of biosynthesis of secondary metabolites in plant tissue culture, by altering metabolic pathways and qualitatively and quantitatively affecting the resulting bioactive molecules (Djilianov et al. 2005) . Among the plant elicitors, methyl jasmonate (MeJa) , salicylic acid (SA) (Rodrigues-Brandão et al. 2014; Loc et al. 2016) , and polyamines, particularly spermidine (SPD) (Liu et al. 2007; Khalil et al. 2016) , are the most studied, due to their involvement in the cascade of events that cause an increase in the accumulation of secondary metabolites.
The objective of this work was to evaluate the expression stability of reference genes to be used in RT-qPCR studies in the leaves of stevia plants in response to the stress-related elicitor agents methyl jasmonate, salicylic acid, and spermidine. To demonstrate the effectiveness of the selected references genes, we analysed the expression of two target genes, Deoxyxylulose-5-phosphate synthase (DXS) and Kaurenoic acid hydroxylase (KAH), both involved in the SG biosynthesis pathway.
Materials and methods

Plant material and experimental conditions
In our laboratory, stevia plants were established in vitro from nodal explants and micropropagated on MS basal medium (Murashige and Skoog 1962) , supplemented with 30 g L -1 sucrose, 100 mg L -1 myo-inositol, 7 g L -1 agar, and 1 mI L -1 of Plant Preservative Mixture TM (Apollo Scientific Ltd., UK). All cultures were maintained at 25 ± 2°C in a growth chamber with a 16 h photoperiod (22 lmol m -2 s -1 PAR). After 30 days of in vitro culture, stevia plants were removed from the culture medium and the roots washed in water to remove residues of the culture medium, and transferred to plastic trays (20 9 7 9 3 cm), containing the substrates Plantmax Ò and vermiculite (1:1). The plants were watered every two days, and treated every three days with half strength Hoagland nutrient solution (Hoagland and Arnon 1950) , for 30 days in a growth room under a 16 h photoperiod, at 25°C ± 1.
Thereafter, plants were transferred to a continuous-flow hydroponic system with floating roots and half-strength Hoagland solution for 2 days, to acclimate the roots to the system. The control treatment was half-strength Hoagland solution (T1), and the other treatments consisted of the same solution with 100 lM methyl jasmonate (T2), 100 lM spermidine (T3), and 100 lM salicylic acid (T4). The leaves of these plants were collected over a period of 4 days at intervals of 24 h and named according to the period of elicitation (C1, C2, C3, and C4, i.e. C1 = 24 h, C2 = 48 h, C3 = 72 h, and C4 = 96 h).
The experiment was arranged in a completely randomized 4x4 factorial design, with three elicitor agents plus a control (without elicitors) and four periods of exposure to the elicitor agents. For each combination, three biological repetitions were performed, each of which consisted of one pot with five plants.
RNA isolation and cDNA synthesis
Total RNA was extracted from 100 mg of leaves using Plant RNA Reagent Purilink Ò (USA), according to the manufacturer's instructions. The RNA concentration and purity were determined with a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies, USA), and the RNA quality and integrity were assessed by 1.0% agarose gel electrophoresis.
Two micrograms of total RNA were reverse transcribed into cDNA with a final volume of 20 lL, using the kit oligo (dT) primer and Super Script First-Strand Synthesis System for RT-PCR (Invitrogen Ò -18080093, USA), according to the manufacturer's instructions.
Selection of reference genes and primer design
Seven candidate reference genes were selected for qPCR analysis in this study (ACT, UBQ, 18S, MAL, eEF-1a, CALM, and AQP). Primers were designed based on S. rebaudiana oligonucleotide sequences from the GenBank database (http://www.ncbi.nlm.nih.gov/genbank/), using the software PerlPrimer, and set as follows: a melting temperature (Tm) of 58-62°C and a guanine-cytosine (GC) content between 45 and 55%. All primer sequences and relevant gene information are shown in Table 1 . According to Hajihashemi et al. (2013) Physiol Mol Biol Plants (September-October 2018) 24(5):767-779 769
RT-qPCR reactions
RT-qPCR reactions were performed in a Bio-Rad CFX Real Time Thermal Cycler, USA, using the Universal FastStart SYBR Green Master (Rox) kit (Hoffmann-la Roche Ò ) under the following amplification conditions: 95°C for 10 min; 40 cycles at 95°C for 15 s; 60°C for 1 min, and a melting curve analysis at 65-95°C, with temperature increments of 5°C for each fluorescence measurement. Each assay included three technical and biological replicates.
PCR efficiency (E) was determined at four serial cDNA dilutions (1:1, 1:5, 1:25, and 1:125). The E value was estimated by the equation E = 10 (-1/slope) (Rasmussen 2001) , where the slope corresponds to the inclination of the line obtained from the regression between the cycle quantification (Cq) values of the transcripts and the logarithm values of the different cDNA dilutions (standard efficiency curve). Efficiency values between 1.8 and 2.2 were considered as acceptable, i.e. a reaction efficiency between 90 and 110%. Three technical replicates were performed for each reaction.
Data analyses and statistical tools for normalization
The expression of the seven reference genes was indicated by the cycle quantification (Cq) value, the number of cycles required until fluorescence reached a certain detection threshold. To estimate the stability of the reference genes, we used four tools: Comparative DCt method, BestKeeper, NormFinder, and geNorm (Vandesompele et al. 2002; Andersen et al. 2004; Pfaffl et al. 2004; Silver et al. 2006) . The final rank of the reference genes was determined with the RefFinder program (Xie et al. 2012 ), a tool developed for the assessment and screening of reference genes, which integrates the Comparative DCt method, BestKeeper, NormFinder, and geNorm approaches (Xie et al. 2012) .
The Comparative DCt method determines the most stable reference genes by comparing the relative expression levels of ''pairs of genes'' in each sample or treatment considering the means of the SD values (Andersen et al. 2004) , while the BestKeeper algorithm evaluates the stabilities of candidate reference genes based on CV ± SD values and its relationship to the BestKeeper index (Pearson correlation coefficient r and p values) (Pfaffl et al. 2004) . The NormFinder algorithm uses ANOVA for the analyses of inter and intra-group variations among samples to determine the stability value (Andersen et al. 2004) . geNorm classifies the stability of gene expression by calculating the average expression stability (M). Stably expressed genes have values below 1.5, while an M-value of more than 1.5 indicates a lower expression stability (Vandesompele et al. 2002) .
The optimal number of reference genes for normalization
The optimal number of reference genes to be used for data normalization was calculated using the geometric mean of the most stable genes. The variation of consecutive pairs was then calculated as suggested by the geNorm algorithm (Vandesompele et al. 2002) .
Validation of the reference genes
To confirm the reliability of potential reference genes, the expression profile of DXS (Deoxyxylulose-5-phosphate synthase) and KAH (Kaurenoic acid hydroxylase), two enzymes involved in steviol glycoside biosynthesis were quantified and normalized with the two most stable (UBQ and ACT) and least stable genes (18S and CALM), as determined by RefFinder, when all treatments were analysed together. The RT-qPCR amplification conditions were as described above. The data of relative expression were calculated according to the method 2 -DDCq (Livak and Schmittgen 2001) . For statistical analyses, one-way ANOVA and the post hoc Tukey test (5%) were performed using the R software.
Results and discussion
Amplification specificity and efficiency of candidate reference genes
In this study, specific amplification of reference genes was confirmed by the existence of a single peak in the melting curve (see Supplementary Figure 1 ). In addition, no amplification signals were detected in the control samples (no template), or in the reactions of the negative control for reverse transcriptase. The efficiency of amplification (E) of the candidate reference genes ranged from 1.86 (18S) to 2.19 (AQP), indicating high efficiency. The Tm for all PCR products ranged from 73.5°C (18S) to 79°C (AQP), i.e. the expected range for amplicons based on the GC composition (in %) and length, used as criterion for the primer design (Table 1) .
To be considered as a reference gene, the expression levels should remain constant in the evaluated samples. Therefore, to determine transcript levels for each reference gene we used the quantification cycle (Cq) values. The results show that CALM was the least expressed gene, with the highest mean Cq in the samples (28.74), whereas 18S was the most expressed gene, with the lowest mean Cq (17.04). In addition, the variation in expression levels of CALM and 18S was greater than of the other genes, which can be seen by the larger whisker caps and boxes (Fig. 1) , while UBQ and ACT had the lowest variation in expression. Galli et al. (2015) evaluated the expression levels of reference genes in two subsets samples composed of a combination of strawberry cultivars, and subjected to two osmotic stress conditions (salinity and drought). In both subsets, the expression level of the 18S gene was the highest of the reference genes. Similar results were reported by Wei et al. (2013) in an evaluation of 10 reference genes in sesame samples subjected to different stresses and hormone treatments; the 18S gene also showed the highest expression.
Expression stability of candidate reference genes under the effect of elicitors
The ideal reference gene should have comparable expression regardless of experimental conditions, including different developmental stages, tissues, and sample treatments. Therefore, to allow the evaluation of target gene expression in stevia plants in response to stress-related elicitors (MeJa, SA, and SPD), it is extremely important to identify reference genes with a stable expression to normalize expression data. The stability of the candidate reference genes was evaluated through the Comparative DCt method, BestKeeper, geNorm, NormFinder, and RefFinder.
In general, the results of each of the methods were similar, when all treatments were analysed together (Fig. 2) . The most unstable gene was CALM, followed by 18S, except for when analysed with geNorm, in which instability was highest for MAL, suggesting that these genes are inadequate for the normalization of RT-qPCR data under the experimental conditions evaluated. Among the candidate reference genes assessed by the Comparative DCt method, the most stable gene was ACT, followed by UBQ and AQP (Fig. 2a) . This stability of expression was also observed for BestKeeper, where UBQ, ACT, and AQP were the only genes with a standard deviation (SD) below 1.0 (Fig. 2b) . However, by geNorm, only MAL and CALM had values above the mean expression stability (M) [ 1.5 (the cut-off), and thus were considered the most unstable, while by this same method, ACT, UBQ, and AQP were the most stable (Fig. 2c) . In addition to these genes, NormFinder also identified eEF-1a as stable (Fig. 2d) .
Although the algorithms of each method are based on different approaches (Andersen et al. 2004) , the order of stability of the reference genes remained similar in the samples evaluated. To obtain clearer results for the most stable reference genes, as recommended by the others methods, we calculated the geometric mean of corresponding rankings for each reference gene when all treatments were analysed together, according to the RefFinder approach (Stajner et al. 2013 ). According to these results, the ranking of stability was (Fig. 2e) .
When using the elicitor agent MeJa, the stability level of reference genes ACT, eEF-1a, MAL, AQP, and UBQ was highest by the Comparative DCt method (Fig. 3a) . By the BestKeeper method, UBQ was the most stable gene, followed by ACT, since these two genes showed the lowest standard deviation (0.24 and 0.27, respectively), while MAL and AQP were also below the cut-off point (Fig. 3b) . As in the previous method, geNorm identified ACT and UBQ as the most stable reference genes; however, only 18S and CALM had an M value below the cut-off point (Fig. 3c) . According to NormFinder, the candidate reference genes ACT, MAL, eEF-1a, AQP, and UBQ were the most stable (Fig. 3d) . Based on these results, the ranking of gene stability recommended for the elicitor MeJa, indicated by the integrated analysis of RefFinder, was: (Fig. 3e) .
For the elicitor SA, the Comparative DCt method and NormFinder indicated that AQP and UBQ were the most stable genes (Fig. 4a, d ). When geNorm and BestKeeper were used, the most stable genes were ACT/UBQ and ACT and UBQ, respectively (Fig. 4b, c) . However, instability increased in all methods when CALM was used as a reference gene. The ranking of stability by RefFinder was: (Fig. 4e) .
According to NormFinder and the Comparative DCt method, the stability of AQP and eEF-1a was greatest when using SPD (Fig. 5a, d ). For BestKeeper, the genes UBQ, eEF-1a, and ACT were the most stable and the only genes with values below the cut-off point (Fig. 5b) , while ACT/UBQ and eEF-1a were the least stable for geNorm; only CALM and 18S exceeded the cut-off point (Fig. 5c ). According to RefFinder, stability was ranked: (Fig. 5e ).
Although the most unstable genes remained the same, the reference genes with the highest stability varied between treatments, confirming that different experimental conditions induced different responses at the cellular level. Overall, in our study, one of the most unstable genes in all samples was 18S, indicating its inadequacy for the normalization of expression of RT-qPCR data, corroborating other studies, where this gene has been suggested to be inappropriate for use as a reference gene in maize grain (Galli et al. 2013) , strawberry (Giri and Zaheer 2016) , rice (Li et al. 2009 ), and radish samples . Furthermore, the stability of gene CALM was also low, which can be explained by its involvement in many cellular processes, responding to a series of environmental stimuli (Knight and Knight 2001; Reddy et al. 2016; Yang et al. 2013) . The eEF-1a gene, another traditional reference gene, presented substantial variation in our study, as well as in studies on rice (Moraes et al. 2015) and sugar cane Ling et al. 2014 ).
ACT UBQ AQP eEF-1 MAL 18S CALM
The genes ACT and UBQ are traditionally used as reference genes, and our results shows that their stability was high in all treatments, confirming the findings of several other studies (Jian et al. 2008; Chang et al. 2012; Duhoux and Dlye 2013; Fan et al. 2013; Chen et al. 2015) . Additionally, the AQP gene was stable in plants treated with SA and SPD, and can be used as a new reference gene when stevia plants are subjected to these treatments. Our results confirm that, generally speaking, no reference gene is universally applicable for all experimental conditions and that the traditional reference transcripts do not always represent the constitutive expression, as is often assumed.
The optimal number of reference genes for normalization
The optimal number of reference genes required for gene expression normalization for the various sample groups was determined using geNorm. Variation greater than 0.15 was assumed to be significant (Vandesompele et al. 2002) , and according to this criterion, V2/3 values below the cutoff (0.15) were registered when using the elicitors MeJa and SA (0.130 and 0.091, respectively) (Fig. 6b, c) , suggesting that two reference genes are sufficient to normalize expression data in these samples. When the elicitor agent SPD and all treatments were analysed together the values exceeded the cut-off point (Fig. 6a, d ), although it has been suggested that this cut-off value is too strict (Vandesompele et al. 2002) . Therefore, for these two conditions, we recommend the use of at least four reference genes, with values within an acceptable range for certain groups of samples (Hellemans et al. 2007; Chen et al. 2015) .
Validation of the reference genes
The DXS and KAH genes encode enzymes involved in steviol glycoside biosynthesis, and their expression is altered by a series of factors, such as growth regulators and chemical compounds (Kumar et al. 2012; Hajihashemi et al. 2013; Modi et al. 2014) . Therefore, to detect the influence of different genes on data normalization, we assessed the relative expression of DXS and KAH by using the best (ACT and UBQ) and the least stable (18S and CALM) reference genes. In the assessment of the gene expression of DXS in MeJa-treated plants, a significant difference (P \ 0.05) The most stable combination of reference genes (ACT and UBQ) and the two least stable reference genes (18S and CALM) were used to normalize expression data. Samples from the control treatment were used as reference samples. The data show the mean expression ± standard deviation, calculated from three biological replicates was observed at all sampling times, especially for C3, which showed up to 6.5-fold difference, depending on the combination of normalization used (Fig. 7a) . This significant difference was also observed for the elicitor SA in C1 and especially in C4 (Fig. 7b ). For SPD, there was a significant difference only in C2 (Fig. 7c) . The result for the KAH gene was statistically equal to that found for DXS. Expression stimulated by the elicitor MeJA showed the largest difference at C3 (Fig. 7d) . However, for the elicitors SA and SPD the expression difference was mainly evident in C1 and C4 (Fig. 7e, f) .
Conclusions
The evaluation of the expression of seven reference genes in Stevia rebaudiana leaves under the effect of the three stress-related elicitors (MeJa, SA, and SPD) showed that ACT and UBQ can be used as reference genes in all treatments. On the other hand, the stability of the gene expression of 18S, traditionally used as a reference gene, and of CALM, was insufficient and therefore not indicated in this study. The analysis of the expression of DXS and KAH confirms the importance of validating genes of reference to achieve accurate results in RT-qPCR. This study is highly relevant for further analysis of the gene expression of the SG biosynthetic pathway.
